Study Objectives: A dialogue between hippocampal ripples (80-250 Hz) and neocortical sleep-specific transients is important for memory consolidation. Physiological neocortical ripples can be recognized in scalp EEGs of children. We investigated how often scalp-EEG recorded ripples co-occur with different types of sleep-specific transients, the distribution and spatial extent of ripples with and without co-occurring sleep-specific transients, and the occurrence of ripples across sleep stages.
Introduction
Ripples are brain oscillations of frequencies between 80 and 250 Hz. Ripples have been recorded in the hippocampus and neocortex of animals and humans . There are physiological ripples and pathological ripples. Pathological ripples are considered biomarkers for epilepsy [23] [24] [25] . Physiological ripples that occur in the hippocampus interact with neocortical sleep oscillations [26] [27] [28] . The resulting hippocampal-cortical dialogue is important for memory consolidation [27, [29] [30] [31] . Physiological neocortical ripples also co-occur with sleep-specific transients [3-5, 12, 13, 15] .
Differentiating physiological from pathological ripples is difficult, because characteristics such as frequency, duration, and amplitude overlap [13, [19] [20] [21] . Ripples that are recorded invasively in people with chronic epilepsy are considered physiological if they occur in channels without interictal epileptiform discharges and outside the seizure-onset zone [12, 13, [18] [19] [20] . A problem of this definition is that epileptic spikes occurring in the seizure onset zone can affect activity recorded in spike-free channels outside the seizure onset zone. For example, Gelinas et al. showed that epileptic spikes from the hippocampus can induce seemingly physiological spindles recorded in the neocortex [32] .
The risk of studying spike-induced spindles or confusing physiological ripples with pathological ripples can be minimized by studying scalp EEGs of healthy participants. We have recently reported that ripples can be recognized in spike-free scalp EEGs recorded during sleep [33] . In this study, we analyzed the same spike-free scalp EEGs to address the following research questions: (1) Do scalp-EEG recorded ripples co-occur with sleepspecific transients? (2) Is the previously described [33] central and midline dominant distribution pattern of ripples due to the preferred location of co-occurring sleep-specific transients? (3) Is there a difference in spatial extent between ripples with and ripples without co-occurring sleep-specific transients? (4) What is the ripple rate per sleep stage?
Methods

Participants
We previously reported that we found ripples in scalp EEGs of 20 children [33] . All EEGs were judged by a specialized clinical neurophysiologist to be free of epileptic discharges or other abnormalities. None of the children used antiepileptic drugs when undergoing the EEG. All MRIs (if available) were normal. One child underwent an MRI after the completion of our previous study. The MRI showed a structural lesion (mesial temporal sclerosis). This child was therefore excluded from the present study.
We included the remaining 19 children, aged 11 months to 8 years. The children visited our outpatient clinic after a first seizure-like event, the EEGs were recorded to investigate if they had epilepsy. The diagnosis was established after a follow-up period of at least 1 year. Nine children had no epilepsy and no other brain disorder. Seven children had no epilepsy, but another brain disorder, such autism or migraine. Three children probably had benign-course epilepsy: these children had only a few seizurelike events and the last of these events occurred in 2015 (two children) or 2016 (one child).
Parents of the included children gave informed consent. The study was approved by the Medical Research Ethics Committee of the University Medical Center Utrecht, who judged that the Dutch Medical Research Involving Human Subjects Act did not apply, provided that data were coded and handled anonymously and informed consent was obtained.
Sleep recordings
We studied daytime sleep-EEGs; the duration of the recorded sleep varied from 10 to 46 min. The EEGs of 16 children were recorded after partial sleep deprivation. Duration of sleep deprivation varied with age. Three children slept spontaneously during the EEG without prior sleep deprivation.
Ripple marking
Scalp EEGs were recorded with Micromed Smart Acquisition Module (SAM) and with SD PLUS FLEXI acquisition system (Micromed, Treviso, Italy). Data were sampled at 2048 Hz, and low pass antialias filter at acquisition was 900 Hz for SAM and 553 Hz for FLEXI. We used conventional 10 mm Ag-AgCl electrodes that were placed according to the international 10-20 system.
Ripples were marked in Stellate Harmonie (Montreal, Canada) as described previously [33] . Briefly, the signal was filtered between 80 Hz (finite impulse response high-pass filter of order 63) and 250 Hz (finite impulse response low-pass filter of order 63), amplitude scale was set to 1 μV per mm. Events were marked as ripples if they consisted of four or more oscillations that clearly stood out from the background activity. We minimized the chance of marking spurious ripples such as highfrequency components of artifacts by simultaneously viewing ripples in bipolar and average montage and double-checking the unfiltered signal. The time scale of both windows was 0.4 s per page. Ripple marking was done independently of the marking of sleep-specific transients or sleep stages. We used ripples marked in bipolar (double banana) montage for further analyses.
Marking of sleep-specific transients
Sleep-specific transients were marked in bipolar (double banana) montage by a board-certified sleep specialist who did not mark the ripples. A ripple was considered to co-occur with a sleep-specific transient if it occurred at any point within the longer duration of the sleep-specific transient. Thus, the sleep specialist marked for each ripple if there was an ongoing vertex wave, sleep spindle, slow wave, K-complex, hypnagogic hypersynchrony, or positive occipital sharp transient of sleep on the same channel. All sleep-specific transients were defined according to AASM criteria [34] .
Marking of sleep stages
Sleep was scored visually in 30 s epochs according to AASM criteria [34] . Electrodes F3, C3, and O1 as well as F4, C4, and O2 were referenced against the contralateral ear. The starting point for ripple marking was the moment after sleep onset that most artifacts had subsided, regardless of the sleep stage. This starting point might therefore lie after onset of nonrapid eye movement sleep stage 1 (N1), or, if artifacts persisted throughout N1, in N2. If short artifacts, for example, caused by an arousal or by sudden movements of the head or limps, obscured the signal, we excluded the time frame of the EEG in which these artifacts occurred for all channels. The duration of each sleep stage minus the duration of artifact epochs was calculated using Matlab (version R2015b, The MathWorks Inc., United States).
Spatial distribution
Ripples showed a central and midline dominant distribution pattern, as reported previously for ripples marked in average montage [33] and as shown in Figure 1 for ripples marked in bipolar montage. Sleep-specific transients are known to occur at certain "preferred" locations. In children, vertex waves are found mostly on central or frontocentral channels [35, 36] , spindles and K-complexes on central channels [35, 36] , and slow waves on occipital channels [37] . Hypnagogic hypersynchrony is a generalized sleep-specific transient [34, 35] . We expected that if ripples co-occurred in time and place with sleep-specific transients, their central and midline dominance would at least partly be due to the preferred location of sleep-specific transients. To evaluate if this was the case, we compared the distribution of ripples without co-occurring sleep-specific transients to the distribution of all ripples, from anterior to posterior and from left to right, using the χ 2 goodness of fit test.
Statistical tests were performed in SPSS (IBM SPSS Statistics 23, IBM Corporation, United States).
Spatial extent
Ripples could occur alone or in clusters (Supplementary Figure 1) . Ripples would be considered to belong to the same cluster if they started while there was an ongoing ripple on another channel. For brevity, all moments at which ripples occurred, alone or in clusters, will hereafter be called "ripple moments." We estimated the spatial extent of ripple moments by counting how many scalp EEG areas were involved in the anteriorposterior direction (maximal 4 areas), in the left-right direction (maximal 5 areas), and in total (maximal 20 areas). The boundaries of the areas were determined in the anterior-posterior direction by the positions of the electrodes in 10-20 system placement. The left-right boundaries were less straightforward because we had no ripple markings in a transverse montage. The left-right boundaries were therefore chosen in between two adjacent "bananas" of the double banana montage. Thus, the virtual boundaries of the bipolar channel Fz-Cz would lie halfway in between Fz-Cz and F3-C3 on the left and halfway in between Fz-Cz and F4-C4 on the right. The anterior boundary was Fz and the posterior boundary was Cz. Electrodes Fp1 and Fp2 were treated as midline electrodes (Fpz) when connected to Fz, and O1 and O2 were treated as Oz when connected to Pz.
Ripple rate per sleep stage
We tested if there was a significant difference between ripple rates during N1, N2, and N3 (these daytime sleep recordings did not contain rapid eye movement [REM] sleep) using Friedman's twoway analysis of variance by ranks (Friedman's [ANOVA]). We set α Figure 1 . Distribution of ripples marked in bipolar montage, the total number of ripples occurring in all frontopolar-frontal, frontocentral, centroparietal, and parieto-occipital channels, and the total number of ripples occurring in all channels on the left, midline, and right. at 0.05. We used Wilcoxon's signed-rank test for post hoc testing. The same tests were performed for the rate per sleep stage of ripple moments. Statistical tests were performed in SPSS (IBM SPSS Statistics 23, IBM Corporation, United States).
Sleep-specific transients occur more often during certain sleep stages. For example, vertex waves occur mostly during N1 and slow waves occur most often during N3 [34] . Thus, if most ripples would co-occur with vertex waves, one would expect a higher ripple rate during N1, but if ripples co-occur most often with slow waves, ripple rate would be higher during N3. To assess ripple rate per sleep stage independently of co-occurring sleepspecific transients, we tested if there was a significant difference between ripple rates during N1, N2, and N3 for ripples and ripple moments without co-occurring sleep-specific transient.
Results
Co-occurrence with sleep-specific transients
We marked 1440 ripples in total, 25.6 % of which had no cooccurring sleep-specific transient. The division per co-occurring sleep-specific transient of the remaining 74.4 % was as follows: vertex waves: 27.8 %; hypnagogic hypersynchrony: 14.7 %; slow waves: 13.7 %; spindles: 12.2 %; and K-complexes: 6.0 % (examples in Figure 2 and Supplementary Figure 2) . There was one ripple that co-occurred with a positive occipital sharp transient of sleep.
Ripples co-occurred with two or more sleep-specific transients in all children (Supplementary Table 1 
Distribution per sleep-specific transient
As expected, ripples that co-occurred with vertex waves and spindles were recorded mostly on (fronto)central channels and ripples co-occurring with slow waves mostly on occipital channels ( Figure 3 ). The distribution of ripples co-occurring with K-complexes resembled the distribution of ripples co-occurring with slow waves. Ripples co-occurring with vertex waves, spindles, slow waves, and K-complexes all showed a clear midline dominance. Ripples co-occurring with hypnagogic hypersynchrony were more evenly distributed, both in the anterior-posterior direction and from left to right.
The anterior-posterior distribution pattern of ripples without co-occurring sleep-specific transient resembled the overall distribution pattern (χ 2 (3) = 0.91, p = 0.82, Figure 4A ). Ripples without co-occurring sleep-specific transients also showed a midline dominance, but significantly less pronounced than the general distribution pattern (χ ; Figure 4B ).
Spatial extent
There were 727 ripple moments. One hundred eighty-eight ripple moments contained no co-occurring sleep-specific transient on any of the channels with ripples, 514 ripple moments contained one type of co-occurring sleep-specific transient, and 25 ripple moments contained more than one type of co-occurring sleep-specific transient.
Spatial extent was larger in the anterior-posterior direction than in the left-right direction in all categories ( Figure 5 ). Ripple moments without co-occurring sleep-specific transients were often solitary ripples, hence the small extent in both directions. The extent of ripple moments that contained ripples co-occurring with hypnagogic hypersynchrony clearly stood out from the extent of ripple moments with other types of co-occurring sleep-specific transients.
Occurrence of ripples across sleep stages
Thirty-one % of all ripples occurred during N1, 29 % during N2, and 40 % during N3. Median ripple rate was 2.5 ripples/min during N1 (range: 0.0-92.6), 3.2 ripples/min during N2 (range: 0.0-26.8), and 1.5 ripples/min during N3 (range: 0.0-3.8; Figure 6 and Supplementary Table 2 ). Ripple rate differed considerably between children ( Figure 6 and Supplementary Table 2 ). The variability is less pronounced for rate per sleep stage of ripple moments, in which simultaneously occurring ripples are counted as one ripple moment.
Ripple rates during N1 and N2 were significantly higher than ripple rates during N3 (Friedman's ANOVA: χ 
Discussion
Almost 75 % of ripples co-occurred with various sleep-specific transients. Ripples without co-occurring sleep-specific transient showed the same central dominance as the overall distribution pattern, but the midline dominance was significantly less pronounced. Ripples moments containing co-occurring sleep-specific transients had a larger spatial extent than ripples moments without co-occurring sleep-specific transients. Ripple rate per minute was highest during N1 and N2 sleep. The finding that almost 75 % of ripples co-occurred with a sleep-specific transient suggests that the presence of a sleepspecific transients makes the occurrence of a ripple more likely, for example by facilitating ripple generation. Sleep-specific transients are, however, not indispensable for ripple generation, because 25 % of ripples occurred without a sleep-specific transient.
This study showed that the previously reported midline dominant distribution pattern was partly due to the preferred location of co-occurring sleep-specific transients, but that the central dominance is a characteristic of the ripples themselves.
The co-occurrence of ripples with slow waves and spindles is in line with studies on invasively recorded ripples [3-5, 12, 13, 15] . K-complexes can be considered a special type of slow wave [38] , so the finding that ripples co-occur with K-complexes is not surprising. We could not find literature reporting that ripples cooccur with vertex waves, even though this was the sleep-specific transient that co-occurred with ripples most often and in most children. The combination of a physiological sharp wave and a co-occurring ripple has so far only been described in the hippocampus. The frequency of the neocortical ripples reported here, which ranged from 91 to 116 Hz [33] , matches the frequency of putative physiological ripples that were recorded in the hippocampus of people with epilepsy [6] [7] [8] [9] [10] . Thus, both hippocampus and neocortex can generate sharp-wave ripple "complexes" with ripples of similar frequencies. The underlying mechanism generating sharp waves and ripples in hippocampus and neocortex is likely to differ, but the finding that a large proportion of ripples co-occurred with vertex waves indicates that vertexwave ripple combinations are a relevant topic for future research.
Ripples often occurred in clusters, i.e. ripples were often recorded simultaneously at several electrodes. This suggests that physiological ripples are generated in a large brain area or that physiological ripples are simultaneously generated in different brain areas. Sleep-specific transients might facilitate more widespread physiological ripple generation, as ripple ripples on other channels, they either co-occurred with that sleep-specific transient or they occurred without a co-occurring sleep-specific transient. Solitary ripples had an extent of one in all three graphs; this was the case for many ripple moments without a co-occurring sleep-specific transient. The number of bars with extent values above one was highest in histograms of "hypnagogic hypersynchrony ripples moments," indicating that these ripple moments had the largest spatial extent. moments with co-occurring sleep-specific transients had a larger spatial extent than ripple moments without co-occurring sleep-specific transients.
There was considerable variability in ripple rates in EEGs of different children. Part of this variability is likely to be physiological, but methodological and technical factors may also play a role. An exceptionally high-ripple rate was seen in the EEG of the first child. The majority (55 %) of the ripples observed in the EEG of this child co-occurred with hypnagogic hypersynchrony. Spatial extent of ripples co-occurring with hypnagogic hypersynchrony was largest ( Figure 5) . Thus, if all ripples co-occurring with hypnagogic hypersynchrony are counted separately, ripple rate rapidly increases. Spatial clusters have no influence on the rate per minute if simultaneously occurring ripples are counted as one ripple moment; the rate per minute of ripple moments in the EEG of this child therefore stands out less (Supplementary  Table 2) .
Exceptionally low or even zero rates may partly be due to the fact that in some EEGs the signal was more noisy than in others. Ripples were defined as four or more oscillations that clearly stood out from the background. Thus, if the background is noisy, it is likely that fewer ripples stand out from this background. Another factor that might contribute to low ripple rates is the number of (muscle) artifacts. Artifacts can obscure the signal, which might result in missed ripples. Moreover, the high-frequency component of short artifacts can look like ripples. We thought that it was important to minimize the number of such false ripples, even if this might inadvertently result in an underestimation of the number of true ripples in EEGs with quite a few artifacts [33] .
Despite the variability, ripple rates were in general higher during light sleep (N1 and N2) than during N3 stage. Co-occurring sleep-specific transients affect ripple rate per sleep stage, because rate per sleep stage did not differ for ripples without co-occurring sleep-specific transients. It is therefore possible that sleep-specific transients that occur during light sleep, such as vertex waves and hypnagogic hypersynchrony, facilitate the generation of ripples more than sleep-specific transients that occur during deep sleep, such as slow waves. This idea fits with the finding that only 13.7 % of ripples co-occurred with a slow wave, even though this is the most common sleep-specific transient. The finding that ripple rate was higher during N1 than N3 cannot be attributed to ripples co-occurring with hypnagogic hypersynchrony in large clusters, because the rate per minute of ripples moments was also higher during N1 and N2 compared with N3. Thus, there are relatively more ripple moments during N1 and N2 compared with N3 and this seems related to the type of co-occurring sleep-specific transient during light sleep independently of the number of ripples per ripple moment.
All in all, the results of this study suggest that (1) sleep-specific transients might facilitate the generation of ripples, perhaps to promote coordination of ripples across different brain regions, but (2) (visible) sleep-specific transients are not indispensable for ripple generation, and (3) sleep-specific transients of light sleep probably facilitate the generation of ripples more than sleep-specific transients of deep sleep.
The finding that these neocortical ripples co-occurred with slow waves and spindles suggests that they could be involved in the hippocampal-cortical dialogue that is important for memory consolidation. Support for this hypothesis comes from a recent study in animals that showed that neocortical ripples co-occur with ripples in the hippocampus during sleep. Moreover, the coupling between hippocampal and neocortical ripples was strengthened after performance of a hippocampus-dependent memory task [5] . If the neocortical ripples reported here are indeed part of the hippocampal-cortical dialogue, this would mean that they are not a child-specific EEG phenomenon. Future research should investigate if these ripples can be found in scalp EEGs recorded in healthy adults.
Limitations
A limitation of this study is that we analyzed EEGs that were recorded for clinical reasons. All of the included EEGs were free of epileptic spikes or other abnormalities, but some of the Ripple rate differed considerably between children, but in most cases, ripple rate was higher during N1 and N2 than during N3. children had a neurological or psychiatric diagnosis. There are several reasons to think that the ripples reported here are physiological. First, ripples in children with a neurological or psychiatric disease resembled ripples that were recorded in healthy children and their appearance differed from the appearance of pathological ripples [33] . Second, pathological ripples are probably rare in spike-free scalp EEG [39] . The finding that ripples co-occurred with various sleep-specific transients is a third argument in favor of these ripples being physiological. Moreover, we minimized the chance of studying sleep-specific transients that were induced by epileptic spikes occurring in areas that are not recorded with scalp EEG (such as the hippocampus) by excluding the child with symptomatic epilepsy. Even so, it would have been preferable to study completely healthy participants.
A second limitation is the short duration of the sleep recordings and the absence of REM sleep. Whole night sleep recordings without preceding sleep deprivation would be preferable for future studies.
A third limitation is that we used a rather crude measure of spatial extent. We already mentioned the absence of data from a transverse bipolar montage, but any bipolar montage might lead to overestimating the true extent. For example, ripples that simultaneously occur on bipolar channels Fz-Cz and Cz-Pz could be the same event recorded by Cz. In that case, we would overestimate the extent. However, ripples on Fz-Cz and Cz-Pz could also reflect ripples occurring in a greater area between Fz and Pz electrodes, in which case our extent estimation would be more accurate. Using an average montage would do more justice to local events but might miss ripples that occur between electrode positions. A more accurate estimation of the extent would therefore require higher density EEG.
Conclusion and Future Directions
Our results suggest that research on sleep-specific transients that co-occur with hippocampal and neocortical ripples should be extended, particularly to include vertex waves. Research in humans should explore if these ripples can also be found in scalp EEGs of adults, as this would enable more research on the role of physiological neocortical ripples in cognitive functioning.
